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Abstract—Decision feedback equalizer (DFE)-aided turbo-
coded wideband adaptive quadrature amplitude modulation
(AQAM) is proposed, which is capable of combating the temporal
channel quality variation of fading channels. A procedure is
suggested for determining the AQAM switching thresholds and
the speciﬁc turbo-coding rates capable of maintaining the target
bit-error rate while aiming for achieving a highly effective bits
per symbol throughput. As a design alternative, we also employ
multiple-input/multiple-output DFE-aided space–time trellis
codes, which beneﬁt from transmit diversity and hence reduce
the temporal channel quality ﬂuctuations. The performance of
both systems is characterized and compared when communicating
over the COST 207 typical urban wideband fading channel. It
was found that the turbo-coded AQAM scheme outperforms the
two-transmitter space–time trellis coded system employing two
receivers; although, its performance is inferior to the space–time
trellis coded arrangement employing three receivers.
Index Terms—Coded adaptive modulation, dispersive channels,
space–time trellis codes.
I. INTRODUCTION
I
N HIS seminal contribution on adaptive transceivers Hayes
[1] proposed transmission power adaptation, while Cavers
[2] advocated the employment of a variable symbol dura-
tion scheme. Hayes’ method inﬂicts increased cochannel
interference upon other users, while Cavers’ technique has a
variable bitrate or a variable bandwidth requirement. Adaptive
quadrature amplitude modulation (AQAM) was proposed by
Steele and Webb as a design alternative, employing various
differentially encoded star-QAM constellations [3]. As a
further advance, Otsuki et al. [4] employed coherently de-
tected pilot symbol assisted modulation (PSAM)-aided square
constellations instead of differentially detected star constel-
lations for AQAM. Goldsmith and Varaiya [5] demonstrated
that variable-power variable-rate adaptive schemes are op-
timum in terms of approaching the capacity of nondispersive
Rayleigh fading channels [6] and they quantiﬁed the average
throughput of variable-power AQAM [5]. However, Goldsmith
and Varaiya also found that the extra channel capacity achieved
by variable-power assisted adaptation over the constant-power
variable-rate scheme is a fraction of a decibel for most fading
channels [5], [7].
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The achievable effective throughput and bit-error rate (BER)
of AQAM modems is critically dependent on the choice of the
AQAM mode switching levels. Torrance and Hanzo introduced
theaverageBERofAQAMexperiencedoverfadingchannelsas
the optimization constraint and optimized the switching levels
for achieving as high an average throughput as possible [8] with
the aid of Powell’s optimization [9]. Since the resultant av-
erage BER showed a good agreement with the target average
BER, Torrance’s switching levels have been used for numerous
simulation studies [10]–[14]. However, since these switching
levels are constant across the entire range of signal-to-noise
(SNR) values, the average BER varies slightly and the SNR
range over which the average BER remains constant is lim-
ited. Recently, Choi et al. proposed a new set of SNR-depen-
dent switching levels optimized at each SNR value in order to
maximize the average throughput while maintaining the target
average BER up to the avalanche SNR point, beyond which
the highest order constituent modulation mode is activated [15].
Thesetof optimumswitching levelsderivedusinga Lagrangian
multiplier-based optimization [16] technique was documented
in more detail in [17] and [18].
Based on this seminal research, adaptive trasnceivers have
found their way into oprational wireless systems [19] such as
the high-speed data packet access mode of the 3G systems
[20]. AQAM was also invoked in the context of orthogonal
frequency-division multiplex (OFDM) [13], [21], code-division
multiple access (CDMA) [11], [12], [22], [23], and radial basis
function (RBF)-aided nonlinear transceivers [24].
Arangeofadaptivetrellis-codedmodulation(TCM)schemes
has been investigated in the literature for transmission over
narrowband fading channels [25]–[28]. In particular, adaptive
trellis-codedM-aryPSKwas consideredin[25] andcosetcodes
were applied to adaptive trellis-coded M-ary QAM in [26].
However, these results were based on idealized assumptions,
such as perfect channel estimation and zero feedback delay.
In [27], adaptive TCM using outdated fading estimates was
investigated. Recently, the performance of adaptive TCM based
on practical considerations such as channel estimation noise,
feedback noise, and feedback delay was evaluated in [28]. It
was found that the adaptive TCM scheme is robust in most
practical situations. A range of practically motivated wideband
AQAM TCM, turbo TCM (TTCM), bit-interleaved coded
modulation (BICM) and iteratively decoded BICM (BICM-ID)
were investigated in [29], while their application to parallel
interference cancellation (PIC)-aided CDMA systems was
considered in [23].
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The performance of both space–time trellis and block codes
was investigated by numerous researchers [30]–[34] when
communicating over narrowband Rayleigh fading channels.
The investigation of space–time codes was then also extended
to the class of more practical wideband fading channels. The
effect of multiple paths on the performance of space–time
trellis codes was studied in [35] for transmission over slowly
varying Rayleigh fading channels. It was shown in [35] that
the presence of multiple paths does not decrease the diversity
order guaranteed by the design criteria used for constructing
space–time trellis codes. The evidence provided in [35] was
then also extended to rapidly fading dispersive and nondisper-
sive channels. As a further performance improvement, turbo
equalization was employed in [36] in order to mitigate the
effects of dispersive channels. As an alternative solution, the
effect of intersymbol interference (ISI) could also be eliminated
by employing orthogonal frequency-division multiplexing
(OFDM) [37]. A system using space–time trellis-coded OFDM
is attractive, since the decoding complexity can be reduced,
as demonstrated by the recent surge of research interests
[32], [38]–[40]. Similarly, the performance of space–time
block codes was also investigated when communicating over
frequency selective Rayleigh fading channels. In [41], a mul-
tiple-input/multiple-output (MIMO) equalizer was utilized for
equalizing the effects of dispersive multipath channels. In this
contribution, the MIMO equalizer was employed in conjunc-
tion with space–time trellis codes for equalizing the wideband
channel. The minimum mean-squared error (MMSE) MIMO
equalizer was ﬁrst studied by Duel-Hallen [42] in the transform
domain. It was then employed by Tidestav et al. in [43] for
multiuser detection. In space–time trellis (STT) codecs there
are multiple transmitters and receivers at both the transmitting
and receiving ends. The received symbol at each receiver is
constituted by the superposition of all transmitted symbols,
which undergo independent wideband fading. The MIMO
equalizer was then employed for equalizing and estimating the
transmitted symbols of each transmitter.
In [44], we have shown that as we increase the diversity
order ofSTTcoding,theﬂuctuation ofchannelquality becomes
less severe, since the fading channels have been converted to
AWGN-like channels. By contrast, AQAM seeks to accommo-
date the temporal variation of the quality of fading channels
by appropriately adjusting the turbo-coded AQAM modes.
Therefore, in this contribution, we will investigate the achiev-
able throughput of adaptive coded AQAM and space–time
trellis codes. In Section II, we provide a brief system overview,
while in Section III the simulation parameters are summarized.
Section IV is dedicated to performance discussions, before we
offer our conclusions in Section V.
II. SYSTEM OVERVIEW
Fig. 1 shows the system overview of the proposed
turbo-coded AQAM scheme as well as the space–time trellis
codes employed. At the transmitter, the information source
generates random information data bits. In our proposed
turbo-coded AQAM scheme, the information data bits are
Fig. 1. System overview of the turbo-coded AQAM and space–time trellis
schemes.
encoded by the turbo encoder. Assuming that the next trans-
mission burst’s short term channel quality can be sufﬁciently
accurately estimated [18] by the receiver, a suitable AQAM
mode will be chosen by the modulation mode switch shown in
the ﬁgure. The turbo-coded bits are subsequently mapped to
the AQAM symbols. By contrast, the information bits will be
directly encoded by the STT encoder, which produces the mod-
ulated symbols depending on the speciﬁc STT code employed.
The modulated symbols are transmitted over the COST 207 TU
wideband channel. At the receiver, the received symbols are
equalized by the appropriate single-input/single-output (SISO)
or MIMO DFE, respectively. Depending on the speciﬁc AQAM
mode chosen at the transmitter, the demodulator provides soft
outputs for the turbo decoder based on the equalized symbols
output by the SISO equalizer. The turbo decoded bits are passed
to the information sink for the calculation of the BER, as shown
in Fig. 1. By contrast, the equalized symbols output by the
MIMO equalizer are passed to the space–time trellis decoder.
A. SISO Equalizer and AQAM
At the receiver, the channel impulse response (CIR) is esti-
mated, which is then used for calculating the SISO DFE co-
efﬁcients [37]. Subsequently, the DFE is used for equalizing
theISI-corruptedreceivedsignal.Additionally,boththechannel
quality estimate and the SISO DFE coefﬁcients are utilized for
computing the pseudo-SNR at the output of the SISO DFE.
By assuming that the residual ISI is Gaussian distributed and
that the probability of decision feedback errors is negligible, the
pseudo-SNR at the output of the SISO DFE can be calcu-
lated as [45] in (1), shown at the bottom of the next page, where
and denote the DFE’s feedforward coefﬁcients and the
CIR, respectively. The transmitted signal and the noise spectral
density are represented by and , respectively. Lastly, the
number of DFE feedforward coefﬁcients is denoted by .
The pseudo-SNR is then compared against a set of
AQAM switching threshold levels , and subsequently the
appropriate modulation mode is selected for the next transmis-
sion burst, assuming the availability of a reliable low-delay
feedback message, which can be transmitted to the remote
receiver by superimposing it (after strongly protecting it) on
the reverse-direction information [10]. However, in this treatise
we will dispense with explicit AQAM mode signaling. The
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shift keying (BPSK), quadrature phase shift keying (QPSK),
16-level quadrature amplitude modulation (16QAM), 64-level
quadrature amplitude modulation (64QAM) and a “no trans-
mission” (NO TX) mode.
B. MIMO Equalizer
InthecontextoftheMIMOequalizer,similarlytotheAQAM
receiver,theCIRisestimated,whichisthenusedforcalculating
the MIMO DFE coefﬁcients [43]. At receiver , the received
signal is given by the superposition of all the transmitters’ sig-
nals.Foreachchanneldelay andeachcombinationofthespe-
ciﬁc transmitters and receivers of the MIMO scheme, we have
a speciﬁc CIR. Hence, we can write the corresponding channel
matrix as
(2)
where is the CIR of the transmission link from trans-
mitter toreceiver atachanneldelayof .Consequently,
wecanwritethechannelmatrixoftheMIMOwidebandchannel
as
(3)
where is the maximum delay of the wideband channel.
TheMMSEMIMODFEfeedforwardﬁltermatrixisgivenby
solving the following system of equations for [43]:
(4)
where denotes the Hermitian transpose of and is the
forward ﬁlter length, is deﬁned by
(5)
TABLE I
PARAMETERS OF THE SPACE–TIME TRELLIS CODES PROPOSED IN [30]
and is deﬁned by
(6)
where is the noise spectral density.
After the feedforward coefﬁcients have been calculated using
(4), we can ﬁnd the number of backward coefﬁcients with
the aid of [43]
(7)
III. SIMULATION PARAMETERS
The space–time trellis codes employed in this treatise were
proposed by Tarokh et al. in [30]. We chose 4PSK, 8PSK,
and 16PSK space–time trellis codes, since they provide the
throughput of 2, 3, and 4 BPS, respectively. The associated
parameters of the space–time trellis employed are summarized
in Table I.
As we can see in Fig. 1, turbo codes, which were introduced
by Berrou et al. [46], are concatenated with the AQAM
scheme. Both convolutional and block codes can be used as
component codes in a turbo code. It was shown by Hagenauer
et al. [47] that turbo block codes outperform punctured turbo
convolutional codes, when the coding rate is higher than
. It was also observed that a rate a
turbo Hamming code using BPSK modulation is capable of
operating within 0.27 dB of the Shannon limit [48] when
communicating over the nondispersive Gaussian channel. In
this contribution, we will investigate the performance of turbo
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TABLE II
PARAMETERS OF THE DIFFERENT TURBO CODES USED IN FIG.1
BCH (TBCH) [29] and turbo convolutional (TC) codes [29]
when using various ﬁxed modulation schemes and AQAM.
Table II shows the parameters of each turbo codec used in
the system.
As we can see in Table II, different BCH component codes
are employed and this results in different coding rates. On the
other hand, puncturing is applied to the TC code, which also
results in different coding rates. We show in Table III the punc-
turing patterns employed and the result coding rates. The punc-
turing patterns seen in the table consist of two parts. Speciﬁ-
cally, the associated different puncturing patterns represent the
puncturing patterns of the parity bits emanating from the ﬁrst
and second decoder, respectively. Note that the puncturing pat-
terns employed in these systems have been determined experi-
mentally, but they are not claimed to be optimal. For procedures
on designing high-rate turbo codes with the aid of puncturing,
the interested reader is referred to [49]. Different modulation
schemes were employed, which consequently result in different
effective BPS throughputs, as shown in Table III. Prior research
indicates that the bits mapped to the nonbinary symbols rep-
resenting the phasors of a QAM constellation exhibit different
BERs [37]. These different BER subchannels are also often re-
ferred to as the different protection classes of the QAM con-
stellation. When combining QAM with channel coding, both
the parity and the original information bits can be mapped to
the different protection classes. In our recent work in [29], [50],
and [51], we found that the corresponding best mapping rule
also depends on the error correcting power, i.e., the contraint
length of the convolutional constituent codes of the turbo codec
used. Hence, for the sake of simplicity in this contribution, we
randomly mapped the data and parity bits to the QAM constel-
lation points.
Therandom turbointerleaverand randomchannelinterleaver
depths are limited such that each AQAM transmission burst can
be individually decoded, i.e., burst-by-burst (BbB) turbo de-
coding is used. This may be important in low-delay interactive
speech [52] and video systems [53]. Additionally, in an effort
to quantify the best possible performance of the system, we
also study a long-delay system, where the channel interleaver
depthischosentobe approximately10 bitsinthecontextofall
AQAMmodes.Theassociatedchannelinterleaverdepthandthe
TABLE III
SIMULATION PARAMETERS ASSOCIATED WITH THE TC CHANNEL
CODEC IN FIG.1
corresponding turbo interleaver depth is indicated by the “long
delay” phrase in Table III.
Similarly to Table III, we show in Table IV thecorresponding
coding rates and the achievable BPS throughput of the TBCH
codes employing various BCH component codes. Again, the
turbo interleaver sizes were chosen for enabling BbB turbo
decoding. Additionally, both the turbo and channel interleaver
depths of the delay nonsensitive system are also shown in
Table IV, again, indicated as the “long delay” scenario.
Our studies were conducted for transmission over the COST
207 typical urban (TU) [54] channel. The corresponding CIR
is shown in Fig. 2. Each path was faded independently ac-
cording to the Rayleigh distribution and the corresponding
normalized Doppler frequency was 3.27 10 . Both the SISO
and the MIMO DFE incorporated 35 forward taps and seven
feedback taps and the transmission burst structure used in our
treatise is shown in Fig. 3. The following assumptions were
stipulated. Firstly, the CIR was time invariant for the duration
of a transmission burst but varied from burst to burst, which
corresponds to assuming that the CIR is slowly varying. Sec-
ondly, perfect channel estimation and perfect knowledge of the
AQAM mode used was assumed at the receiver. In practice, a
simple repetition code can be used for conveying the AQAMLIEW et al.: TURBO-CODED ADAPTIVE MODULATION VERSUS SPACE–TIME TRELLIS CODES 2023
TABLE IV
SIMULATION PARAMETERS ASSOCIATED WITH THE TBCH CHANNEL
CODEC IN FIG.1
Fig. 2. Impulse response of a COST 207 TU channel [54].
mode to the receiver.1 Furthermore, the modulation mode can
also be detected blindly [13], [14]. Thirdly, the pseudo-SNR
at the output of the equalizer is estimated perfectly prior to
transmission, which, again, tacitly assumes the existence of a
reliable low-delay feedback path between the transmitter and
the receiver. In practice, there will be error propagation in the
DFE’s feedback loop, which will degrade the performance of
the system.2
1For example, three bits are requited for signaling one of the ﬁve possible
AQAM modes, which may be repeated three times for the sake of adding pro-
tection. The receiver’s majority logic decision (MLD) scheme is capable of re-
covering the correct AQAM mode, even if three out of nine bits are erroneous,
which corresponds to a channel BER of 33%. Alternatively, Torrance’s unequal
protection scheme [55] can be used, which requires less redundancy.
2Wenote,however,thattheAQAMswitchingthresholdscanbeappropriately
increased, in order to compensate for the error propagation phenomenon of the
DFE at the cost of a slight reduction of the system’s BPS throughput.
Fig. 3. Transmission burst structure of the FMA1 nonspread data.
Fig. 4. BER performance comparison between rate R =0 :75 TC BbB
decoding and TC coding using the long channel interleaver for each individual
modulation mode, when communicating over the Rayleigh fading COST207
TU channel of Fig. 2. Associated coding parameters are shown in Tables II and
III.
IV. SIMULATION RESULTS
A. Turbo-Coded Fixed Modulation Mode Performance
Before analyzing the proposed AQAM schemes, we shall in-
vestigate the BER performance of the turbo-coded system uti-
lizing the ﬁxed modulation modes of BPSK, QPSK, 16QAM,
and 64QAM. The effect of the channel interleaver length, turbo
component codes, coding rate, and DFE error propagation on
the BER performance will be investigated.
Fig. 4 shows the BER performance of the rate
TC coded ﬁxed modulation schemes for both the short channel
interleaver, which enables BbB decoding, and for the long
channel interleaver, which has a delay of 10 bits.3 As ex-
pected, in Fig. 4 the BER performance associated with using
the longer channel interleaver was superior compared to that
using the shorter channel interleaver, although naturally at the
cost of an associated higher transmission delay. Except for
64QAM, there was more than 5-dB “interleaver-gain” at a
BER of 10 , when using the longer channel interleaver. The
poor performance of the system, when 64QAM was used, was
due to the error propagation of the DFE, which signiﬁcantly
3The rationale of this experiment is to resolve, whether the agile BbB recon-
ﬁguration of the AQAM modes or the employment of a long burst-randomizing
interleaver is more important.2024 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 3, NO. 6, NOVEMBER 2004
Fig. 5. BER performance comparison between the rate R =0 :75 TC and the
R =0 :72 TBCH codes using BbB decoding for each individual modulation
modefortransmissionovertheRayleighfadingCOST207TUchannelofFig.2.
Associated coding parameters are shown in Tables II– IV.
Fig. 6. BER performance comparison between the rate R =0 :75 TC and
the rate R =0 :72 TBCH codes using the 10 bit delay channel interleaver
for each individual modulation mode for transmission over the Rayleigh fading
COST207 TU channel of Fig. 2. Associated coding parameters are shown in
Tables II–IV.
degraded the performance of the system and hence overloaded
error correction capability of the turbo codes.
In Fig. 5, we compare the performance of TC and TBCH
codes having similar coding rates. The channel interleaver
length was chosen such that it enables BbB decoding at the re-
ceiver.As we can see in Fig. 5, there is virtually noperformance
difference between the TC and TBCH codes in conjunction
with the various modulation schemes studied.
Similarly to Fig. 5, in Fig. 6 we compare the performance
of TC and TBCH codes, although in Fig. 6 the channel inter-
leaver’s length was chosen to be approximately 10 bits. Un-
like in Fig. 5, we can clearly see that the performance of the
rate TBCH code becomes better than that of the TC
code. At a BER of 10 we can observe from Fig. 6 that there
is an SNR gain of about 2 dB for the TBCH code compared to
the TC code. From Figs. 5 and 6, we can conclude that the rate
Fig. 7. BER performance comparison between various 4PSK space–time
trellis codes using 2, 3, 4, and 5 receivers for transmission over the Rayleigh
fading COST207 TU channel of Fig. 2. Associated coding parameters are
shown in Table I.
TBCH code outperforms the rate TC code,
when a channel interleaver length of 10 bits is employed in the
system.
B. Space–Time Trellis Code Performance
In the previous section, we presented our simulation results
for various turbo-coded systems utilizing ﬁxed modulation
modes. Let us now extend our investigations into the behavior
of space–time trellis codes. As argued in Section II, since
multiple transmitters and receivers are employed, a MIMO
equalizer will be employed for equalizing the MIMO chan-
nels. Since two transmitters are employed for the space–time
trellis code used, there has to be a minimum of two receivers
employed [43].
In Fig. 7, we show the BER performance of a range of 4PSK
space–time trellis codes using 2 to 5 receivers [30]. At a BER of
10 ,weobservethatthereisahugeSNRimprovementofmore
than 15 dB, when the number of receivers is increased from two
to three. As the number of receivers is further increased to four
andﬁve,theincrementalperformancegainbecomessmallerand
smaller. Similar trends can be observed also for 8 and 16PSK
space–time trellis codes.
C. AQAM Performance
In the previous sections, we have shown simulation results
for turbo-coded systems communicating using ﬁxed modula-
tionmodes.Furthermore,wealsopresentedperformanceresults
for the space–time trellis codes employed in conjunction with
a MIMO equalizer. Let us now study the required SNR of the
turbo-coded ﬁxed modem mode-based system and that of the
space–time trellis codes comparatively in terms of their achiev-
able BPS throughput, when aiming for a target BER of 10 .
These results will then be compared to the BPS performance of
the proposed AQAM schemes at a BER of 10 in Fig. 8.
Explicitly, there are two sets of curves in Fig. 8. The curves
drawn in a continuous line represent the system having noLIEW et al.: TURBO-CODED ADAPTIVE MODULATION VERSUS SPACE–TIME TRELLIS CODES 2025
Fig. 8. BPS performance comparison between space–time trellis
codes, uncoded AQAM, and the uncoded ﬁxed modulation modes when
communicating over the Rayleigh fading COST207 TU channel of Fig. 2.
Associated coding parameters are shown in Table I and the target BER is 10 .
diversity gain, i.e., that employing one transmitter and one
receiver. By contrast, the curves drawn using a broken line
represent the system having diversity gain due to employing
space–time trellis codes and multiple receivers. The curve
marked with squares represents the performance of the un-
coded system using 1, 2, 3, 4, and 6 BPS ﬁxed modulation
schemes. In [10], an uncoded wideband BbB adaptive modem
was characterized and its performance was reproduced in
Fig. 8, which is denoted by the triangles. We can see in Fig. 8
that by employing space–time trellis codes in conjunction with
two receivers, we have an SNR gain of 5 dB at a throughput
of 2 BPS as compared to the uncoded system. The achievable
SNR performance gain reduces to 3 dB, when the required
throughput of the system is increased to 3 BPS, and there is
a negative SNR gain when the required system throughput is
4 BPS. When employing AQAM, the single-transmitter and
single-receiver system outperforms the space–time trellis code
using two receivers. By contrast, the AQAM BPS performance
remains inferior to that of the space–time trellis code using
three receivers, as shown in Fig. 8.
InFig.8,wehaveshowntheperformanceoftheuncodedone-
transmitter and one-receiver ﬁxed modulation scheme, which
was outperformed bytheBbB AQAMschemeproposed in[10].
We will now investigate the achievable BPS versus SNR gain
due to employing turbo codes. In Fig. 9, we show the BPS
performance of both TC and TBCH codes for the short and
long channel interleaver scenarios.4 Recall that the length of
the short channel interleaver was chosen such that it enabled
BbB turbo decoding, while the long channel interleaver depth
was approximately 10 bits. We have shown in Fig. 5 that there
is no signiﬁcant performance difference between the TC and
TBCH codes for BbB turbo decoding, which is also reﬂected in
Fig. 9. More explicitly, it is shown in Fig. 9 that both BbB TC
4The associated curve was generated by combining all the different
throughput ﬁxed mode modulation schemes with all the different coding rates
schemes.
Fig. 9. BPS performance comparison between space–time trellis codes,
uncoded AQAM, TC, and TBCH codes in conjunction with both BbB decoding
and long delay channel interleaving for transmission over the Rayleigh fading
COST207 TU channel of Fig. 2. Associated coding parameters are shown in
Tables I–IV and the target BER is 10 .
and TBCH decoding exhibit a similar BPS performance, as ev-
idenced by the overlapping curves marked with diamonds and
squares, respectively. It can be seen that BbB turbo decoding
in conjunction with ﬁxed modulation is inferior to the uncoded
adaptive modulation scheme. If, however, the delay permitted
by the system allows the employment of a channel interleaver
length of approximately 10 bits, we can clearly see in Fig. 9
that there is a substantial SNR improvement over the BbB sce-
nariousingthesamemodulationschemes.ForTCcodes,wecan
seethatthesystemoutperforms uncoded AQAMforthroughput
values below 2 BPS. At 0.5 BPS, we can see in Fig. 9 that the
TC code outperforms the uncoded AQAM scheme by approxi-
mately 10 dB. On the other hand, if TBCH codes are employed
we can see that the system outperforms the uncoded AQAM
scheme up to throughput values as high as 3.5 BPS.
In Fig. 9, we have investigated the performances of TC and
TBCH codes in conjunction with ﬁxed modulation-based sys-
tems for both low- and high-channel interleaver lengths. Let
us now fully exploit the error correction capability of turbo
codes in the context of AQAM. In our earlier research, we used
a set of ﬁxed AQAM thresholds, which was determined with
the aid of Powell’s optimization [56]. However, the achievable
throughput of the system can be further increased when we
optimize the AQAM switching thresholds for each individual
channel SNR value using Lagrangian optimization [17]. We
note, however, that the solutions in [17] use no channel coding
during the optimization of the AQAM thresholds. Since at the
time of writing no analytical formula exists for the BER of
turbo codes, employing Lagrangian optimization might not be
feasible for AQAM systems employing turbo codes. Hence, in
our proposed turbo-coded system we propose a simple proce-
dure for determining the switching thresholds for each average
channel SNR value.
In Fig. 10, we show the ﬂow chart of the simple procedure
proposed for determining the AQAM switching thresholds. As
we can see in the ﬁgure, we commence the procedure by setting2026 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 3, NO. 6, NOVEMBER 2004
Fig. 10. Procedure for determining the AQAM switching thresholds.
the channel SNR, where the switching thresholds will be de-
termined. Then, we assign the lowest possible SNR switching
threshold to each AQAM mode in an ascending order. At this
stage, the switching thresholds are set so low that the simu-
lated BER will be signiﬁcantly higher than the targeted BER.
Whenthesimulationsarestarted andafewframeshavebeenre-
ceived, we check whether sufﬁcient data bits were transmitted,
such that a statistically relevant BER result can be obtained. If
not, the BER of each AQAM mode is checked, commencing
with the lowest throughput modulation mode. Once the statis-
tically relevant BER was found in a particular AQAM mode,
the switching threshold of the modulation mode will be incre-
mented by a small step size. Then, the number of transmitted
data bitsis reset tozero and thesimulationsare restarted.On the
other hand, if there is no modulation mode having a sufﬁciently
reliable BER estimate, more data bits will be transmitted. The
entireprocessisrepeateduntilasufﬁcientlyhighnumberofdata
bits has been transmitted for generating a statistically pertinent
average BER result.
In Fig. 11, we show the BER and BPS performance of
BbB TC decoding using various coding rates and adaptive
modulation. The above-mentioned simple procedure was used
for determining the switching thresholds. As we can see in
Fig. 11, the coded BER of the AQAM modem using various
TC coding rates was maintained at an average of 10 .I f
the same ﬁxed SNR-independent switching thresholds were
employed for every channel SNR, we would have an undu-
lating coded BER curve, which would clearly deviate from the
targeted constant BER. In Fig. 11, we also plotted the BPS
performance associated with each TC coding rate, which is
scaled on the right-hand side axis. As we can see in Fig. 11, at
Fig.11. BERandBPSperformanceofBbBTCdecodingusingvariouscoding
rates and adaptive modulation, when communicating over the Rayleigh fading
COST207 TU channel of Fig. 2. Associated coding parameters are shown in
Tables II and III and the target BER is 10 .
Fig. 12. TC coding rates activated in conjunction with AQAM for different
channel SNRs when communicating over the Rayleigh fading COST207 TU
channel of Fig. 2. Associated coding parameters are shown in Tables II and III
and the target BER is 10 .
low channel SNRs, the schemes having lower TC coding rates
will outperform those associated with the higher TC coding
rates. For example, TC codes having a rate of have
a BPS throughput in excess of 0.5 for channel SNRs above
4 dB. However, as we increase the channel SNR, the TC-coded
AQAM schemes having higher coding rates outperform their
lower coding rate counterparts. Furthermore, the throughput of
the AQAM schemes having lower TC coding rates will saturate
faster and at a lowervalue. For example, theTC code associated
with has a maximum BPS throughput of .
From Fig. 11, we can conclude that when the channel SNR is
low, lower TC coding rates have to be employed and should
be increased as the channel SNR increases.
Based on Fig. 11, in our adaptive regime we select the spe-
ciﬁc TC coding rate for every channel SNR, which gives the
maximum throughput in the context of the TC-coded AQAM
system. In Fig. 12, we portray the TC coding rates selected at
the various channel SNRs encountered. As we can see in theLIEW et al.: TURBO-CODED ADAPTIVE MODULATION VERSUS SPACE–TIME TRELLIS CODES 2027
Fig. 13. BPS performance comparison between space–time trellis codes,
uncoded AQAM, adaptive-rate TC codes using BbB decoding and long
delay channel interleaver both with ﬁxed and adaptive modulation, when
communicating over the Rayleigh fading COST207 TU channel of Fig. 2.
Associated coding parameters are shown in Tables I–III and the target BER is
10 .
ﬁgure, the selected TC coding rate increases, as the channel
SNR increases. For a channel SNR in excess of 24 dB, we can
see that the TC coding rate was set to unity, which implies
that the BPS throughput of the uncoded AQAM scheme be-
comes better than that of the TC-coded AQAM scheme. Hence,
TC coding is deactivated for channel SNRs in excess of 24
dB. Previously in Fig. 10, we proposed to optimize the AQAM
switching thresholds individually for every channel SNR for
turbo-coded AQAM. Let us now extend our proposal for op-
timizing not only the thresholds but also the TC coding rates for
every channel SNR.
Let us hence apply the joint switching threshold and TC
coding rate optimization techniques to the TC-coded AQAM
system, which we refer to in our future discourse as optimum
rate TC (ORTC)-aided AQAM. In Fig. 13, the curve marked
with diamonds represents the BPS performance of the jointly
optimized ORTC AQAM in conjunction with BbB decoding.
As we can see in the ﬁgure, the employment of ORTC AQAM
substantially improves the performance of the system, when
the channel SNR is low. For example, at 0.5 BPS we observe
a 5-dB SNR gain over the uncoded AQAM system. However,
as the channel SNR is increased, the SNR gain due to TC
coding is reduced and uncoded AQAM will be employed for
channel SNRs in excess of 20 dB. For channel SNRs below
13 dB we can observe in Fig. 13 that the performance of the
ORTC AQAM scheme is similar to that of the TC coded ﬁxed
modulation schemes using the long-delay 10 -bit channel inter-
leaver. Hence, with the aid of ORTC AQAM we can achieve as
good a performance as the long-delay optimized-rate TC coded
ﬁxed modulation scheme, with the added beneﬁt of incurring
only a short delay. More explicitly, with the aid of the AQAM
system we were able to reduce the interleaving delay without
compromising the BPS throughput.
Ontheotherhand,if a longdelayis tolerableinthecontextof
theORTCAQAMsystem,the10 -bitchannelinterleavercanbe
Fig. 14. BPS performance comparison between space–time trellis codes,
uncoded AQAM, adaptive-rate TC, and TBCH codes using both BbB decoding
and a long-delay channel interleaver employing ﬁxed and adaptive modulation,
when communicating over the Rayleigh fading COST207 TU channel of Fig. 2.
Associated coding parameters are shown in Tables I–IV and the target BER is
10 .
employed in the system. The corresponding BPS performance
is shown in Fig. 13 by the curve marked with crosses. As we
can see in the ﬁgure, there is a signiﬁcant BPS performance im-
provementovertheshort-delayBbBORTCAQAMsystem.Ob-
servealsoinFig.13thatuncodedAQAMwillonlybeemployed
for channel SNRs in excess of 25 dB. The corresponding per-
formance also approaches that of the space–time trellis codes
using three receivers. At a throughput of 2 BPS we can see that
the long-delay AQAM SNR performance is about 2–3 dB infe-
rior to that of the space–time trellis codes using three receivers.
In Figs. 11 and 13, we have characterized the BPS perfor-
mance of the ORTC AQAM system. Let us now present the
corresponding results for the optimum rate TBCH (ORTBCH)
AQAM system and compare them to the ORTC AQAM system.
As we can see in Fig. 14, the performance of the ORTC and
ORTBCH codes is similar for the short-delay BbB turbo-de-
coded AQAM scheme, which we have also observed in Fig. 5.
However,forlowerchannelSNRstheperformanceofORTBCH
AQAM is inferior to that of ORTC AQAM, since in this SNR
region lower coding rate TC codes were employed.
Ontheotherhand,wealsoshowinFig.14theperformanceof
ORTC and ORTBCH AQAM using large channel interleavers.
SimilarlytoBbBdecoding, theTC codesoutperformtheTBCH
codes for low channel SNRs. However, as the channel SNR is
increased, we can see that the TBCH codes have an edge over
theTCcodesforchannelSNRsinexcessof7dB,althoughtheir
performance gap is insigniﬁcant as compared to those observed
in Fig. 6. Therefore, we conclude that the more complex TBCH
codes do not signiﬁcantly outperform TC codes in the context
of the AQAM system.
V. CONCLUSION
In this contribution, we comparatively studied the perfor-
mance of space–time trellis codes and AQAM schemes. When
multiple transmitters and receivers are employed, a MIMO2028 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 3, NO. 6, NOVEMBER 2004
equalizer has to be used for equalizing the multiple transmitted
signals. On the other hand, a SISO equalizer was employed for
the AQAM scheme, which used a single transmitter and single
receiver. We then proposed to concatenate powerful turbo codes
with the AQAM system.
The simulation results were presented in Section IV. In
Section IV-A, we investigated the performance of the system
using ﬁxed modulation schemes. The performance of TC and
TBCH codes was investigated and compared using both short
and long channel interleavers. The length of the short channel
interleaver was chosen such that BbB turbo decoding was used.
The performance of TC codes in conjunction with various
coding rates was presented and we found that the performance
of TC codes improved as the coding rate was reduced. Then,
in Section IV-B, we characterized the performance of 4, 8, and
16PSK space–time trellis codes.
Finally,inSectionIV-C,wecompiledalltheresultsandcom-
pared them to the performance of the proposed turbo-coded
AQAM system. Initially, we showed that the uncoded AQAM
system outperforms the space–time trellis codes using two re-
ceivers. We then demonstrated that uncoded AQAM also out-
performs BbB TC coded ﬁxed modulation. However, in con-
junction with a large channel interleaver the TC coded ﬁxed
modulation scheme outperforms the uncoded AQAM scheme
for channel SNRs below 15 dB at the cost of a high delay. A
turbo-coded AQAM system was then proposed and we jointly
optimized the AQAM switching thresholds and the coding rates
for the turbo-coded AQAM system. The performance of the
ORTC AQAM scheme using a short channel interleaver was
found to be similar to that of the TC coded long-delay ﬁxed
modulation scheme. Finally, at the expense of a high channel
interleaver delay, we were able to further improve the perfor-
manceoftheORTCAQAMscheme.Itwasfoundthatitsperfor-
mance was 2 dB inferior in comparison to the space–time trellis
codes using three receivers. The performance of the ORTBCH
AQAM scheme was then compared to that of the ORTC AQAM
scheme. It was found that there was no signiﬁcant improve-
ment over the ORTC AQAM scheme, despite the extra com-
plexity incurred by the system. In conclusion, ORTC AQAM
can be viewed as a lower complexity measure of mitigating the
channel quality ﬂuctuations of wireless channels in comparison
to multiple transmitter and receiver based space–time codes. If
the complexity of the latter schemes is affordable, the perfor-
mance advantages of AQAM erode.
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